Accurate transmission of genetic material relies on the coupling of chromosomes to spindle microtubules by kinetochores. These linkages are regulated by the conserved Aurora B/Ipl1 kinase to ensure that sister chromatids are properly attached to spindle microtubules. Kinetochore-microtubule attachments require the essential Ndc80 complex, which contains two globular ends linked by large coiled-coil domains. In this study, we isolated a novel ndc80 mutant in Saccharomyces cerevisiae that contains mutations in the coiled-coil domain. This ndc80 mutant accumulates erroneous kinetochore-microtubule attachments, resulting in misalignment of kinetochores on the mitotic spindle. Genetic analyses with suppressors of the ndc80 mutant and in vitro cross-linking experiments suggest that the kinetochore misalignment in vivo stems from a defect in the ability of the Ndc80 complex to stably fold at a hinge in the coiled coil. Previous studies proposed that the Ndc80 complex can exist in multiple conformations: elongated during metaphase and bent during anaphase.
INTRODUCTION
microtubule binding, mediated by N-terminal calponin homology domains (ALUSHIN et al. 2010; POWERS et al. 2009; WEI et al. 2007) . At the other end of the complex, the globular domains of Spc24 and Spc25 link the Ndc80 complex to other kinetochore components (DE WULF et al. 2003; MALVEZZI et al. 2013; NISHINO et al. 2013) . Between the two structurally defined ends, the Ndc80 complex is composed of predicted coiled-coil domains from all four components (WANG et al. 2008; WEI et al. 2005) . The coiled-coil domains are interrupted by a disordered "loop" region that is thought to enable flexion of the complex, as observed for recombinant Ndc80 complexes on negative-stain electron micrographs (WANG et al. 2008) . The Ndc80 complex adopts elongated and bent conformations in vivo during metaphase and anaphase, respectively (ARAVAMUDHAN et al. 2014; JOGLEKAR et al. 2009 ). However, it remains to be determined if these conformations arise from the flexibility of the complex at the "loop" observed in vitro. Furthermore, no previous study has examined whether the bending flexibility of the Ndc80 complex is important in vivo.
Our recent results from a mutagenesis screen suggest that several small regions of the coiled coil are essential for cell viability, including one region near the predicted "loop" (TIEN et al. 2013) . Here, biochemical characterization of the Ndc80 complex was combined with genetic analysis of a novel ndc80 mutant to reveal that the "loop" region acts as a hinge in vivo, enabling the complex to adopt a tightly folded conformation. This conformation is mediated by a direct, intra-complex interaction between two regions of the complex on either side of the "loop."
Mutations in one of these regions impede the ability of Aurora B/Ipl1 to correct aberrant kinetochore-microtubule attachments prior to metaphase. Therefore, the tightly folded conformation of the Ndc80 complex is likely required to promote kinetochore biorientation early in mitosis.
MATERIALS AND METHODS

Strains
All strains used in this study (Table S1 ) were derived from W303.
Protein expression and purification
Recombinant S. cerevisiae Ndc80 complex was expressed from two di-cistronic plasmids (encoding Ndc80/Nuf2 and His 6 -Spc24/Spc25) and purified as previously described (POWERS et al. 2009; WEI et al. 2005) .
Immunoprecipitation
For immunoprecipitation of Nuf2-TAP from ndc80-121 cultures, 2 L of JTY30-1A (ndc80-121 NUF2-TAP) cells were grown to ~100 Klett units in YPD at 25°C. JTY30-4A (NDC80 NUF2-TAP) cells served as a wild-type control. Cultures were shifted to 37°C for 100 min and harvested by centrifugation. Pellets were cryogenically ground into cell dust using a PM100 (Retsch) and stored at -80°C, as per the protocol from the Rout laboratory (http://lab.rockefeller.edu/rout/assets/file/protocols). For each condition, 4 g of cell dust were resuspended in lysis buffer (20 mM HEPES, pH 7.4, 300 mM NaCl, 100 µM GTP, 1 mM MgCl2, 1 mM dithiothreitol, 4 µg·ml -1 pepstatin, 4 µg·ml -1 leupeptin, 4 µg·ml -1 aprotinin, 4 µg·ml -1 chymostatin, 1 mM phenylmethanesulfonyl fluoride, 1 mM sodium pyrophosphate, 1 mM sodium fluoride, 1 mM β-glycerophosphate, 5% glycerol, 0.5% Triton X-100), homogenized, and cleared by centrifugation at 2000 x g for 10 min at 4°C. An aliquot (250 µl) of 60 mg·ml chymostatin, 1 mM phenylmethanesulfonyl fluoride, 1 mM sodium pyrophosphate, 1 mM sodium fluoride, 1 mM β-glycerophosphate, 5% glycerol), washed once with 150 µl of TEV buffer (40 mM HEPES, pH 7.4, 200 mM NaCl, 2 mM MgCl 2 , 1 mM EDTA, 1 mM dithiothreitol, 1 mM GTP, 5% glycerol), and resuspended in 100 µl TEV buffer. TEV was added to 67 nM and the reaction was incubated for 2 hr at 4°C. Trichloroacetic acid protein precipitation was performed on 60 µl of eluate after TEV cleavage. Immunoprecipitated proteins were identified by mass spectrometry and MudPIT analysis.
Fluorescence microscopy
The CellAsic ONIX microfluidics system (Millipore) was used for time-lapse imaging of synchronized cells. For G1 synchronization, MATa cells (Table S1 ) were grown to ~60 Klett units at 25°C and arrested for a total of 1.5 generations with α-factor. One generation into the arrest, cells were briefly sonicated and 50 µl were loaded onto an Y04C CellAsic ONIX plate.
The arrest was completed on the plate before releasing into media lacking α-factor. For metaphase arrests, cells with an auxin-inducible Cdc20 degron (Table S1 ) were grown to ~50 Klett units at 25°C, arrested with 500 µM 3-indoleacetic acid (Sigma Aldrich) for 3 hours, and loaded onto a Y04C plate. All flow rates were at ~12 µl·hr -1 . After completing the arrests, plate and objective heaters were raised to 37°C (t = 0) and cells were imaged. Time-lapse images of cells were taken at 7.5 min intervals, with 3 z-sections spanning 2.4 µm, binned 1x1, using the DeltaVision system (Applied Precision) equipped with an IX70 inverted microscope (Olympus), a Plan Apo 60x objective (1.40 NA), and a CoolSnap HQ digital camera (Photometrics). Exposures were 0.1 s for GFP and 0.15 s for mCherry.
To assay for chromosome biorientation, CEN3 was visualized using LacI-GFP bound to a LacO-array adjacent to the centromere (Table S1 ). LacI-GFP is under control of the pCUP1 promoter and imaged using uninduced conditions. For G1 synchronization, MATa cells were grown to ~60 Klett units at 25°C and arrested for 1.5 generations with α-factor. To release from the arrest, cells were collected by filtration, washed with 3 volumes of YPD, sonicated, and shifted to 37°C medium. At 100 min after the release, ~500 µl of cells were harvested by centrifugation and resuspended in media made with yeast nitrogen base without copper (ForMedium). For metaphase arrests, cells with an auxin-inducible Cdc20 degron (Table S1) were first synchronized in G1 with α-factor, then released into media containing 500 µM 3-indoleacetic acid (Sigma Aldrich) for 1 hour at 25°C. The culture was then shifted to 37°C for 100 min before harvesting. For imaging, cells were mounted for microscopy as previously described (MULLER et al. 2005) (instructional video at http://youtu.be/ZrZVbFg9NE8), except that agarose pads were made with yeast nitrogen base without copper (ForMedium). Images were taken with 7 z-sections spanning 4.2 µm, binned 1x1, using the DeltaVision system (as above) equipped with a U Plan Apo 100x objective (1.35 NA). Exposures were 0.4 s for GFP and 0.3 s for mCherry.
To image kinetochores, MATa cells containing Nuf2-GFP and Spc110-mCherry (Table S1) were synchronized in G1 with α-factor (as above) and released into 37°C medium for 100 min. After harvesting, cells were mounted on agarose pads (MULLER et al. 2005 ) and imaged using the DeltaVision system (as above) equipped with a U Plan Apo 100x objective (1.35 NA). Images were taken with 7 z-sections spanning 4.2 µm, binned 1x1. Exposures were 0.4 s for GFP and 0.3 s for mCherry. To determine the kinetochore intensity ratio, the intensities of Nuf2-GFP and Spc110-mCherry were measured (ImageJ). For each spindle, custom programs (available upon request) written in Igor Pro (Wavemetrics) identified the positions of spindle pole bodies based on Gaussian fits to the Spc110-mCherry signal, and calculated the integrated GFP fluorescence intensity on each half of the spindle. The kinetochore intensity ratio is defined as the integrated intensity of the brighter half of the spindle divided by the intensity of the dimmer half (and thus, always ≥ 1). Box plots of the data were constructed in Igor Pro and statistical analyses were performed using the Kolmogorov-Smirnov test.
In vitro rupture force assay
Recombinant Ndc80 complex was loaded onto 0.44-µm polystyrene beads at a ratio of ~2000 complexes per bead. Bead functionalization was carried out in incubation buffer (BRB80 containing 8 mg·ml -1 BSA and 1 mM DTT) for 1 hour at 4°C in a total volume of 60 µl. Beads were then pelleted (16,000 x g for 10 min at 4°C) and washed with ~200 µl incubation buffer to remove any unbound Ndc80 complex. Flow chambers were prepared as previously described (FRANCK et al. 2010) . Beads were introduced into the flow chamber in assay buffer (BRB80 containing 8 mg·ml -1 BSA, 1 mg·ml -1 κ-casein, 1 mM DTT, 1 mM GTP, 1.4 mg·ml -1 tubulin)
supplemented with an oxygen scavenging system (250 µg·ml -1 glucose oxidase, 30 µg·ml -1 catalase, 30 mM glucose). Free tubulin in the assay buffer assembled to form dynamic microtubule extensions from coverslip-anchored GMPCPP-stabilized microtubule seeds.
A custom optical trap instrument was used to manipulate individual beads in the flow chamber. Rupture force assays were performed as previously described (FRANCK et al. 2010; TIEN et al. 2010) . Each bead was pulled to the end of a dynamic microtubule under a test force of 0.5-1 pN exerted by the trap. Applied force was then increased at a constant rate (0.25 pN·s -1 ) until the attachment ruptured. The rupture force was indicated by the maximum force attained during each event prior to detachment, and was determined after the experiment during data analysis from records of force versus time (using custom software, available upon request, written in Igor Pro, Wavemetrics).
Cross-linking of recombinant Ndc80 complex and mass spectrometry analysis
Ndc80 complex (44 µg in 143 µL reaction volume) was cross-linked for 2 min at room temperature with disuccinimidyl suberate (Pierce, 0.3 mM final). The reaction mix was quenched with 10 µL of 500 mM NH 4 HCO 3 and the buffer was exchanged to HB500 (40 mM HEPES, 500 mM NaCl, pH 7.5) using protein desalting spin columns (Pierce) according to the manufacturer's protocol. Cross-linked proteins were subsequently reduced with 10 mM dithiothreitol for 30 min at 37˚C, alkylated with 15 mM iodoacetamide for 30 min at room temperature, and digested with trypsin (at a substrate to enzyme ratio of 60:1) overnight at room temperature with shaking. Samples were acidified with 5 M HCl and stored at -80˚C.
Samples (1.5 µg) were loaded onto a fused-silica capillary tip column (75-µm i.d.) packed with 40 cm of Reprosil-Pur C18-AQ (3-µm bead diameter, Dr. Maisch). Peptides were eluted from the column at 250 nL·min -1 using a gradient of 2-35% acetonitrile (in 0.1% formic acid) over 120 min, followed by 35-60% acetonitrile over 10 min. Mass spectrometry was performed on a Q-Exactive (Thermo Scientific), operated using data dependent acquisition where a maximum of six MS/MS spectra were acquired per MS spectrum (scan range of m/z 400-1600). At m/z 200, the resolution for MS and MS/MS was 70,000 and 35,000, respectively.
RESULTS
Isolation of the ndc80-121 temperature-sensitive allele
The Ndc80 complex features two globular ends linked by a long, rod-shaped segment composed of predicted coiled-coil domains from all four components ( Figure 1A ). We recently performed an insertional mutagenesis screen to uncover essential regions of NDC80 in S. cerevisiae (TIEN et al. 2013) . The functions of four of these essential regions, identified as clusters of lethal insertions, have not yet been identified. Insertions from one such cluster located near the disordered "loop" were found to confer a temperature sensitive phenotype (Table S2) , allowing us to study the function of this "loop"-proximal region of NDC80 in vivo.
These temperature-sensitive insertions in NDC80 mapped to consecutive residues in the protein, disrupting the region from a highly conserved aromatic, Y465, through I469 (Table S2 , Figure 1B ). We isolated a minimal mutation that was sufficient to recapitulate the temperaturesensitive phenotype: Y465C and I469Q ( Figure 1A , Table S2 ). This allele was named
ndc80-121.
The ndc80-121 mutations do not affect assembly of the complex or its ability to bind microtubules.
We first examined the effects of the ndc80-121 mutations on the integrity of the mutant Ndc80 complex. When expressed and purified recombinantly, the ndc80-121 mutations do not disrupt assembly of the heterotetrameric Ndc80 complex ( Figure 1C ). All four components of the Ndc80 complex were co-immunoprecipitated with Nuf2-TAP from ndc80-121 yeast cells shifted to the restrictive temperature of 37˚C (Table S3 ). These results demonstrate that the temperature-sensitive phenotype of ndc80-121 cells is not a result of degradation of the Ndc80 complex. Furthermore, the temperature shift to 37˚C does not lead to disassembly of mutant Ndc80 complexes. We then asked if these mutations disrupt the microtubule attachment strength of the Ndc80 complex, as reported for other temperature-sensitive ndc80 mutants (e.g., ndc80-1; AKIYOSHI et al. 2010; PINSKY et al. 2006; WIGGE et al. 1998) . Using an in vitro rupture force assay (FRANCK et al. 2010) , we determined that microtubule attachments mediated by wild-type Ndc80 complex ruptured at 2.2 ± 0.1 pN on average ( Figure 1D ), as previously observed (TIEN et al. 2010) . The attachment strength of the mutant complex was indistinguishable, yielding a mean rupture force of 2.4 ± 0.1 pN ( Figure 1D ). Therefore, the ndc80-121 mutations do not affect composition of the Ndc80 complex or its ability to bind microtubules (also see below).
Instead, the mutations likely disrupt a specific function of the coiled-coil domain near the "loop"
region.
The ndc80-121 mutations cause a mitotic arrest
The ndc80 
The mitotic defects in ndc80-121 cells are detected by Ipl1
During mitosis, aberrant kinetochore-microtubule attachments are thought to be detected and detached by the conserved Ipl1/Aurora B kinase (BIGGINS and MURRAY 2001; PINSKY et al. 2006; TANAKA et al. 2002) . The detachment of kinetochores by Ipl1 causes a "wait" signal to be generated, and anaphase is delayed until proper kinetochore-microtubule attachments are made (PINSKY et al. 2006) . To determine the basis for mitotic arrest in ndc80-121 cells, we deleted the checkpoint component MAD1 and monitored cell cycle progression. These ndc80-121 mad1∆ cells bypassed the mitotic arrest seen at the restrictive temperature in ndc801-121 cells ( Figure S1C ). Similarly, ndc80-121 ipl1-321 cells did not arrest in mitosis at the restrictive temperature ( Figure S1D ). Therefore, the spindle checkpoint is functional in ndc80-121 cells, and their spindle checkpoint-dependent arrest requires Ipl1.
The dependence of the arrest on Mad1 indicates that ndc80-121 cells fail to silence the spindle checkpoint "wait" signal, which is likely generated by unattached kinetochores. To determine if unattached kinetochores persist in ndc80-121 cells, we visualized kinetochores directly by fluorescence microscopy (with Nuf2-GFP; Figure 3A ). During mitosis, kinetochores To directly assess whether ndc80-121 cells are defective in kinetochore alignment, we measured their ability to distribute kinetochores equally between the two halves of the spindle.
This metric, termed the kinetochore intensity ratio, is obtained by dividing the kinetochore fluorescence intensity of the brighter half of the spindle by the dimmer half (and is thus, by definition, always ≥ 1) ( Figure 3B and C). In wild-type cells, kinetochore distribution was almost perfectly symmetrical, with a median kinetochore intensity ratio of 1.1. Consistent with the requirement of Ipl1 in mitotic error correction, ip1l-321 cells exhibited a slightly asymmetric kinetochore distribution, with a median ratio of 1.3. ndc80-121 cells showed a similar kinetochore alignment defect, with a median kinetochore intensity ratio of 1.4. These mutations had a combinatorial effect on kinetochore asymmetry (ndc80-121 ipl1-321 cells exhibited a median ratio of 1.9) indicating that the activity of Ipl1 mitigates the kinetochore alignment defect in ndc80-121 cells. Taken together, our results demonstrate that the ndc80-121 mutations cause the formation of aberrant kinetochore-microtubule attachments that are detached by Ipl1.
Folding of the Ndc80 complex is required for its function in vivo
One possible function of the region in Ndc80 affected by the ndc80-121 mutations could be the recruitment of an essential binding partner. To identify this putative binding partner, we first performed a screen to isolate dosage-dependent suppressors of the ndc80-121 mutations.
ndc80-121 cells were transformed with a library containing fragments of the yeast genome cloned into a high-copy vector (NASMYTH and TATCHELL 1980) and screened for growth at the restrictive temperature. We screened ~2 x 10 5 plasmids (with 5-to 20-kb fragments, resulting in greater than 70x coverage of the genome) and isolated 41 suppressor fragments, all of which contain the wild-type NDC80 gene. Results from this screen indicate that overexpression of wild-type NDC80 can suppress the ndc80-121 mutations. However, no extragenic suppressors were found.
In an independent attempt to identify putative interaction partners, we performed a spontaneous suppressor screen on ndc80-121 cells to isolate mutations that permit growth at the restrictive temperature. In total, we identified four unique suppressor mutations from screening ~5 ) ndc80-125
( Figure 4) . We also generated an allele consisting of the suppressor mutation alone (coding for ). Thus, the ndc80-121 and ndc80-126 mutations show reciprocal suppression (Figure 4 rows 3, 6, and 10), suggesting that the mutations disrupt the same physical interaction (HONTS et al. 1994) . Lastly, we isolated one extragenic suppressor mutation in NUF2, encoding L344S, and named this allele nuf2-101
( Figure 4 ). This mutation in Nuf2 is located toward the C-terminus of the protein, and is predicted to be positioned close to the suppressor mutation Ndc80 N564I in the assembled tetrameric complex (see below). The findings from the two suppressor screens suggest that the ndc80-121 mutations do not directly affect recruitment of another kinetochore component, but rather disrupt an interaction between two parts of the Ndc80 complex.
It was previously proposed from electron microscopy studies that the Ndc80 complex complex, and confirm the location of the tetramerization domain as previously proposed MAIOLICA et al. 2007; TIEN et al. 2013; WEI et al. 2005) . The N-terminal tail of Ndc80 cross-linked to multiple regions of the complex ( Figure S2C and D) . This is consistent with the extended length of the tail (at least 15 nm, ARAVAMUDHAN et al. 2014 ) and its predicted disordered nature (ALUSHIN et al. 2010; CIFERRI et al. 2008; WEI et al. 2005; WEI et al. 2007) , allowing it to reach multiple parts of the complex in a cross-linking reaction.
Our cross-links establish the register in the coiled coil formed by Ndc80 and Nuf2, revealing two tightly-paired segments ( Figure 5A , blue and green lines). In each of these regions, the sequences of Ndc80 and Nuf2 maintain a near-constant register, as expected for parallel helices in coiled-coil domains. The region of Ndc80 from K332 to K432 pairs with the Nuf2 region between K169 and K271. Here, the sequences of Ndc80 and Nuf2 are offset by 162 ± 13 residues (n = 23 cross-links; Figure 5A blue lines). In the second tightly-paired segment (Ndc80 from K541 to K632 pairs with Nuf2 from K322 to K409), the offset increases to 216 ± 9 residues (n = 27 cross-links; Figure 5A green lines). The offset of the two spontaneous suppressor mutations of ndc80-121 (Nuf2 L344S and Ndc80 N564I ) is 220 residues, suggesting they map to directly interacting heptad repeats in the second tightly-paired coiled-coil segment.
Between the two tightly-paired segments, we identified two cross-links that are consistent with a predicted ~50-residue interruption caused by the "loop": Ndc80 K489 -Ndc80 K513 and Ndc80 K489 -Ndc80 K522 ( Figure 5A orange lines). These crosslinks are separated by 24 and 33 residues, respectively. Our cross-linker is too short to span a continuous α-helical segment of even 24 residues in a coiled coil (~1.47 Å rise per residue; discussed in LUPAS and GRUBER 2005) . Instead, these cross-links indicate that the two predicted ends of the loop lie close together. Our cross-links are consistent with and extend the previous results obtained with the human Ndc80 complex and suggest that the coiled coils and interrupting "loop" are conserved structural features (MAIOLICA et al. 2007 ).
We found two cross-links that contradict the clear coiled-coil registrations between
Ndc80 and Nuf2 ( Figure 5A red lines) . These cross-links (Ndc80 K409 -Nuf2 K388 and Ndc80 K448 -Nuf2 K366 ), which were identified with high confidence (q = 0.01) and manually validated, connect regions of the complex separated by more than 130 residues in Ndc80 ( Figure 5A ). They can be explained if the Ndc80 complex forms a tightly folded conformation by hinging about its "loop" to bring the two coiled-coil segments in close proximity ( Figure 5B ).
Folding of the complex, as predicted by the cross-links, also brings the suppressor mutations in close proximity to the temperature-sensitive ndc80-121 mutations. Our characterization of the ndc80-121 mutant suggests that this conformational change in the complex is required for kinetochore alignment and biorientation during mitosis.
DISCUSSION
The Ndc80 complex folds in half at a flexible "loop" in Ndc80 early in mitosis
The Ndc80 protein is hypothesized to contain a flexible "loop," based on a break in the predicted coiled-coil character ( Figure S3 ). It was previously proposed that the "loop" acts as a hinge, conferring the flexibility observed for recombinant Ndc80 complexes on negative-stain electron micrographs (WANG et al. 2008) . Super-resolution microscopy experiments further suggested that different conformations of the Ndc80 complex exist in vivo; the distance between the two ends of the Ndc80 complex decreases from ~40 nm to ~20 nm during the metaphase-toanaphase transition in S. cerevisiae (ARAVAMUDHAN et al. 2014) . Altogether, these results predict that the Ndc80 complex undergoes a conformational change through bending at the "loop" region. Here, we provide two independent lines of evidence that support and extend this model, and further show that folding of the complex is of physiological importance. First, we identified cross-links that are consistent with a tightly folded conformation of the Ndc80 complex, bending at the "loop" region ( Figure 5B , dotted red lines). A previous study with the human Ndc80 complex also observed one cross-link that bridges two distant regions of the complex (MAIOLICA et al. 2007) . Second, the ndc80-121 mutant allele and its suppressor mutations demonstrate a genetic interaction between two parts of Ndc80 that can be explained by a folded conformation of the complex ( Figure 5B , dotted black lines). We favor a model in which the ndc80-121 temperature-sensitive phenotype results from a weaker interaction between Ndc80 Y465/I469 (ndc80-121 mutation sites) and Ndc80 N564 /Nuf2 L344 (spontaneous suppressor mutation sites). Furthermore, our observation that the intragenic Ndc80 N564I suppressor mutation can only rescue the ndc80-121 phenotype in cis suggests that this physical interaction occurs within a single complex.
Several observations support our hypothesis that the ndc80-121 mutations destabilize a physical interaction that underlies the tightly folded conformation of the Ndc80 complex. First, the reciprocal suppression between the ndc80-121 and ndc80-126 alleles suggests that the corresponding mutations affect a physical interaction between the two halves of a folded Ndc80 complex (HONTS et al. 1994) . Second, the ndc80-121 mutant is temperature-sensitive, suggesting that both higher temperature and the ndc80-121 mutations decrease the stability of the folded conformation. By contrast, the suppressor mutation ndc80-126 confers slow growth at all temperatures, suggesting that this mutation hyper-stabilizes the folded conformation, which functions poorly at all growth temperatures. When the ndc80-121 and ndc80-126 mutations are combined in cis (i.e., the ndc80-125 allele), their opposing effects on the stability of the folded conformation balance out and restore normal Ndc80 function. Finally, the ndc80-121 mutant displays no defects when shifted to the restrictive temperature in metaphase, when the Ndc80 complex has been shown to be in an extended conformation (ARAVAMUDHAN et al. 2014; JOGLEKAR et al. 2009 ). We propose that the mutant complex prematurely adopts a "metaphaselike" extended conformation prior to biorientation, and that the phenotype of ndc80-121 cells results from an inability to stabilize a closed conformation early in mitosis.
ndc80-121 cells are defective in the resolution of aberrant kinetochore-microtubule attachments
When shifted to the restrictive temperature prior to entry into mitosis, the ndc80-121 mutant arrests in mitosis with defects in chromosome biorientation. We show that ndc80-121 cells contain aberrant kinetochore-microtubule attachments that are detached in an Ipl1-dependent manner. It is generally accepted that Ipl1 selectively detaches kinetochores that experience low levels of tension, which can include kinetochores that form either syntelic or weak microtubule attachments (BIGGINS and MURRAY 2001; CANE et al. 2013; LIU et al. 2009; NICKLAS and KOCH 1969; TANAKA et al. 2002) . The structural architecture of the Ndc80 complex, including its inherent flexibility, is highly conserved (MAIOLICA et al. 2007; WANG et al. 2008) . Furthermore, the ndc80-121 mutations affect conserved residues in Ndc80 ( Figure 1B ), suggesting that a physical interaction stabilizes a folded conformation of the Ndc80 complex in higher eukaryotes. Together, our results suggest that folding of Ndc80 complex and its role in the resolution of aberrant kinetochore-microtubule attachments are common features in eukaryotic cells. (Table S1) 
